Polyamines and polyamine analogues have been demonstrated to modulate the transcription of various genes. Spermidine\ spermine N"-acetyltransferase (SSAT) is transcriptionally regulated through the interaction of at least two trans-acting transcription factors, NF-E2-related factor 2 (Nrf-2) and PMF-1 (polyamine modulated factor-1). Nrf-2 has previously been shown to regulate transcription of other genes through interactions between its C-terminal leucine zipper and the leucinezipper region of other members of the small Maf protein family (the term ' Maf ' is derived from musculoaponeurotic-
INTRODUCTION
Polyamines have been proposed to play a role in the regulation of gene expression at the levels of transcription and translation [1] [2] [3] [4] [5] . The mechanisms by which the polyamines can alter transcription have only recently been elucidated. We have previously identified transcription factors that regulate the transcription of the rate-limiting step in polyamine catabolism, spermidine\spermine N"-acetyltransferase (SSAT) [6, 7] . Nrf-2 (NF-E2-related factor 2), a transcription factor related to the globin gene transcription factor NF-E2, was found to bind constitutively to the polyamine-responsive element (PRE) in the promoter region of the SSAT gene. Nrf-2 normally binds to its native cognate sequence only when heterodimerized with a member of the small Maf protein family of transcriptional cofactors. Small Maf proteins do not contain a transcriptional activating domain ; however, they facilitate the binding of Nrf-2 once heterodimerized. A leucine zipper in both proteins mediates the association of Maf proteins with Nrf-2 [8] [9] [10] [11] . Our initial results indicated that the Maf family proteins were not the proteins involved in the regulation of the SSAT gene. However, a previously unidentified protein partner to Nrf-2, polyamine modulated factor-1 (PMF-1) was identified. PMF-1 does not appear to be related to the Maf family, but has been demonstrated to be responsible for the polyamine-induced transcriptional activation of Nrf-2-mediated SSAT transcription [7] . Our initial sequence analysis indicated that PMF-1 possesses a leucinezipper-like region with the amino acid sequence I%"AQLQTSIREEISDIKEEGNLEAVLNAL') and our yeast two-hybrid analysis demonstrated that this 165-amino-acid, 20 kDa protein, PMF-1, binds to the leucine-zipper domain of Nrf-2. These results suggested that the association between Nrf-2 and PMF-1 was also mediated by the interaction of two The Matchmaker2 yeast two-hybrid system and yeast culture media were purchased from Clontech (Palo Alto, CA, U.S.A.). QuikChange2 Site-Directed Mutagenesis Kit was purchased from Stratagene (La Jolla, CA, U.S.A.). Restriction and DNAmodifying enzymes were purchased from Life Technologies, Inc. 
Construction of plasmids
For construction of pAS2.1\Nrf-2-LZ, the wild-type bait plasmid used in yeast two-hybrid, a 704 bp Nrf-2 cDNA fragment from PCR reaction using primer pair P1-P2 ( Figure 1 ) was digested with the restriction endonucleases SalI and XmaI and directionally inserted in-frame into the pAS2.1 vector. To construct pACT2\PMF-1N, plasmid pACT2\PMF-1 was digested with BamHI. The small DNA fragment that contains the 277 bp 5h end of PMF-1 cDNA was recovered and cloned into pACT2
Figure 1 Primers used as indicated in the Experimental section
vector digested with the same enzyme and dephosphorylated using calf intestine alkaline phosphatase. For construction of pACT2\PMF-1C, the larger fragment from the BamHI digestion of pACT2\PMF-1, which contains the 637 bp 3h end of PMF-1 cDNA and the open pACT2 vector sequence, was circularized by T4 ligase. The plasmids containing mutations, pACT2\PMF-1Mu, pACT2\PMF-1CMu1, pACT2\PMF-1CMu2, pAS2.1\ Nrf-2-LZMu1, pAS2.1\Nrf-2-LZMu3 and pAS2.1\Nrf-2-LZMu4 were constructed as described below. Plasmid pACT2\ PMF-1 was obtained by screening a cDNA library constructed from the human non-small cell lung cancer line NCI H157 for use in the yeast two-hybrid technique as previously reported [7] .
Site-directed mutagenesis
Site-directed mutation was performed with the QuikChange SiteDirected Mutagenesis Kit from Stratagene according to the protocol supplied by the manufacturer. All mutations were verified by DNA sequencing using a Perkin-Elmer ABI Automated DNA sequencer.
Yeast two-hybrid analysis
Yeast two-hybrid analysis was performed using the Matchmaker two-hybrid system in a ' HIS3 jump-start ' procedure. Saccharomyces cere isiae Y190 cells were first transformed with the bait plasmid (pAS2.1\Nrf-2-LZ, pAS2.1\Nrf-2-LZMu1, pAS2.1\ Nrf-2-LZMu3 or pAS2.1\Nrf-2-LZMu4) and selected on synthetic dextrose medium lacking tryptophan (SD-Trp). The transformants selected by the SD-Trp medium were subsequently transformed with the prey plasmid (pACT2\PMF-1, pACT2\ PMF-1C, pACT2\PMF-1N, pACT2\PMF-1Mu, pACT2\ PMF-1CMu1 or pACT2\PMF-1CMu2) and selected by medium lacking tryptophan and leucine (SD-Trp-Leu). The clones cotransformed with the bait and prey were used for the lacZ reporter gene assay or for plating on to medium lacking tryptophan, leucine and histidine (SD-Trp-Leu-His) with 30 mM 3-amino-1,2,4-triazole for the HIS3 reporter gene assay.
Prediction of coiled-coil structure of Nrf-2, PMF-1 and their mutants
The primary protein sequence of each of the proteins and their mutant constructs was analysed for their predicted coiled-coil content using the methods of Lupas [12] and Lupas et al. [13] . A program using this protocol can be found at the following URL :
http:\\dot.imgen.bcm.tmc.edu.:9331\seq-search\struc-predict.html
RESULTS

The pseudo-leucine-zipper motif in PMF-1 is not responsible for the association of PMF-1 with Nrf-2
Our initial results suggested that the leucine-zipper-like motif in the PMF-1 protein might be responsible for the binding of PMF-1 to Nrf-2 and subsequent transcriptional activation of SSAT.
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Figure 2 Leucine-zipper motif of PMF-1 is not responsible for Nrf-2-PMF-1 interaction
(A) Two complementary oligomers (P3 and P4) were synthesized and used in the PCR reaction with wild-type pACT2/PMF-1 as the template to obtain the construct pACT2/PMF-1Mu, in which two members of PMF-1 leucine-zipper motif (Ile 48 and Ile 55 ) were mutated to serine. (B) S. cerevisiae Y190 cells were transformed with pAS2.1/Nrf-2-LZ or pACT2/PMF-1Mu alone, or co-transformed with pAS2.1/Nrf-2-LZ and pACT2/PMF-1 or pAS2.1/Nrf-2-LZ and pACT2/PMF1Mu. The transformants were then selected on SD-Trp-Leu-His medium with 30 mM 3-amino-1,2,4-triazole for 4 days. Two kinds of co-transformed clones can grow on the selection medium, indicating that both wild-type and leucine-zipper-mutated PMF-1 can interact with Nrf-2. Interaction between spermidine/spermine N 1 -acetyltransferase transcriptional cofactors
Figure 3 Predicted coiled-coil structure of Nrf-2 and PMF-1
The coiled-coil structure predictions of the wild type genes are depicted in this Figure. It should be noted that each prediction uses three different frame sizes, an 14 (----), 21 (----) and 28 (--) amino-acid window to predict the coiled-coil structure (see the website given in the text and [12, 13] ). The bold lines beneath the abscissae represent the area of the structure that is affected by the designated mutations. It is important to note that, for the yeast two-hybrid system used here, only clones coding for the leucine-zipper region of Nrf-2 (amino acids 434-589) were used.
To test this hypothesis directly, yeast two-hybrid analysis in combination with site-directed mutagenesis were used. Using primers p3 and p4 ( Figure 1 ) the mutant chimaeric pACT2\PMF-1Mu was generated by PCR, resulting in a construct containing two Ile-to-Ser mutations (Figure 2A ). If this region of the PMF-1 protein was responsible for association with Nfr-2, no activation of the reporter genes should occur. However, upon co-transformation of yeast with pAS2.1\Nrf-2-LZ and pACT.2\PMF-1Mu, followed by selection and reporter-activity analysis, the double mutant was as effective as the wild-type construct in allowing the yeast to grow in selection medium, as well as in activating both the lacZ and HIS3 reporter genes (Figure 2b) . These results suggest that the leucine-zipper-like region of PMF-1 is not responsible for the PMF-1-Nrf-2 interaction. It is important to note that the mutant PMF-1 clone was not selfactivating in the yeast system.
The C-terminal region of PMF-1 contains the Nrf-2-binding domain
To determine what region of PMF-1 is responsible for Nrf-2 binding, the yeast two-hybrid system was again employed. Both the Nrf-2 protein and the PMF-1 proteins were found to contain coiled-coil regions that could allow protein-protein interaction (Figure 3 ). PMF-1 contains two coiled-coil regions, one in the Nterminus ranging from amino acids 40 to 80 and a larger one in the C-terminal region containing amino acids 100-165. Initially, two chimaeric activation plasmids were constructed. The first contains the PMF-1 amino acids 1-88 (pACT2\PMF-1N) and the second contains amino acids 88-165 (pACT2\PMF-1C) ( Figure 4A ). Only the pACT2\PMF-1C construct was capable of inducing the transcription of the reporter genes ( Figure 4B ) when co-transformed in yeast with pAS2.1\Nrf-2-LZ. Again it is important to note that this construct was not self-activating.
To confirm that the C-terminal coiled-coil region of PMF-1 was responsible for the interaction with Nrf-2, two mutants interrupting the coiled-coil structure in two locations were constructed ( Figure 5A ). The first construct, pACT2\PMF-1C-Mu1 reduces the coiled-coil structure from amino acids 100-160
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Figure 5 The coiled-coil region in the C-terminal portion of PMF-1 is responsible for Nrf-2-PMF-1 interaction
(A) Two pairs of complementary oligomers (P5-P6 and P7-P8) were synthesized and used in the PCR reaction with wild-type pACT2/PMF-1C as the template to obtain two mutated constructs, pACT2/PMF-1CMu1 and pACT2/PMF-1CMu2. In pACT2/PMF-1CMu1, amino acids Gln 113 and Gln 120 were mutated into proline and in pACT2/PMF-1Cmu2, Leu 138 and Gln to amino acids 125-160 ( Figure 3) . The second mutation, pACT2\PMF-1C-Mu2, reduces the coiled-coil region to amino acids 100-138. Using the yeast two-hybrid assay, only the wildtype PMF-1C construct was capable of activating the reporter genes when co-transforming yeast with pAS2.1\Nrf-2-LZ. These results indicate that the entire C-terminal coiled-coil region of PMF-1 is necessary for the transactivation of Nrf-2 by PMF-1 ( Figure 5B ).
An intact leucine zipper in the C-terminal region of Nrf-2 is required for the Nrf-2-PMF-1 interaction
Analysis of the leucine-zipper region in the C-terminus of Nrf-2 indicates that it possesses a relatively large region capable of forming a coiled-coil structure that would facilitate an association with PMF-1. To determine whether the coiled-coil domain alone is sufficient for the Nrf-2 interaction with PMF-1, a series of mutations were made in the leucine-zipper region of Nrf-2 to destroy the leucine zipper while maintaining the coiled-coil structure. Separate mutations were made that maintained the leucine-zipper residues, but altered the coiled-coil structure. It is important to note that, in the yeast two-hybrid system, the fulllength Nrf-2 is self-activating, as we have previously reported [7] . Therefore, for the experiments detailed here, only the C-terminal region containing amino acids 434-589 was used. PCR was used to generate point mutations resulting in pAS2.1\Nrf-LZ-Mu1 ( Figure 6A ). Complete sequencing of the mutant confirmed that the second and third (of a total of seven) leucine residues in the leucine-zipper region were replaced by valine residues. This results in a loss of the leucine-zipper motif while maintaining the coiled-coil structure. When compared with the wild-type construct, pAS2.1\Nrf-LZ, the mutant lacking the leucine-zipper motif, was unable to associate with PMF-1 and activate transcription in the yeast two-hybrid system ( Figure 6B) .
The above results suggested that the leucine-zipper motif in Nrf-2 is required for Nrf-2\PMF-1 binding. However, it does not conclusively determine whether the coiled-coil motif is also required, since the above amino acid replacement does not significantly alter the coiled-coil domain. Therefore an attempt was made to interrupt the coiled-coil structure while leaving the leucine-zipper motif intact. To accomplish this, two mutations were made in the Nrf-2-LZ construct (pAS2.1\Nfr-2LZ-Mu3 and pAS2.1\Nrf-2-LZ-Mu4) using proline to interrupt the coiledcoil structure ( Figure 6A ). Although neither of the mutant constructs changed any of the leucine residues required for the leucine-zipper motif, neither construct was capable of interacting with PMF-1 ( Figure 6B ). Although these results suggest that both the leucine-zipper motif and the coiled-coil structure are required for Nrf-2-PMF-1 interaction, an alternative interpretation is that the proline substitutions not only interrupted the coiled-coil structure, but also distorted the coiled structure of the leucine zipper to a significant extent. This potential change in leucine-zipper structure may be responsible for the lack of Nrf-1 -acetyltransferase transcriptional cofactors 2-PMF-1 interaction, rather than solely the loss of the coiled-coil structure.
DISCUSSION
We recently reported that the transcription of the SSAT gene is regulated, in part, by the association of two transcription factors bound to the PRE [7] . These two trans-acting transcription factors, Nrf-2 and PMF-1, appear to be required for the induction of SSAT expression in response to an increase in intracellular polyamines or exposure to polyamine analogues. Nrf-2 has previously been shown to bind to DNA only after binding to a member of the small Maf protein family [8] [9] [10] [11] . However, Nrf-2 appears to bind to the PRE constitutively without first heterodimerizing with a Maf family member [6] . Further, the binding of Nrf-2 to Maf family proteins is dependent on the presence of leucine-zipper motifs in both Nrf-2 and the Maf family member. Here we have demonstrated a unique binding interaction in which the Nrf-2 leucine zipper is required to bind to the non-leucine-zipper, coiled-coil domain of the C-terminal region of PMF-1.
Initial results suggested that PMF-1 might bind to Nrf-2 in a standard leucine-zipper interaction, since PMF-1 has an Nterminal leucine zipper. However, when site-directed mutagenesis was used to remove the leucine zipper from PMF-1, no effect on the interaction between PMF-1 and Nrf-2 was observed. In fact when the entire N-terminal region of PMF-1 was removed, Nrf-2 and the C-terminal region of PMF-1 were still able to interact. These results demonstrate that an intact leucine zipper of PMF-1 is not necessary for the heterodimerization of PMF-1 and Nrf-2. However, when the leucine zipper of Nrf-2 is removed by sitedirected mutagenesis, it is no longer capable of interacting with PMF-1. This inability to interact occurs despite the fact that the leucine-to-valine mutation maintains the coiled-coil structure of Nrf-2. Consequently, not only does PMF-1 constitute a new transcriptional co-activator, but also the Nrf-2-PMF-1 interaction represents a unique heterodimerization of a leucine zipper directly with a non-leucine-zipper domain of a second protein.
Changes in intracellular polyamines have been implicated in altered gene expression [1, [3] [4] [5] . This was first demonstrated by examining the effects of polyamine depletion on the transcription rate of several growth-related genes [2, 14] . These studies demonstrated that the depletion of polyamines could lead to genespecific changes at the transcriptional level. Additionally, we and others have demonstrated that an increase in polyamines or exposure to certain polyamine analogues can mediate an increase in the transcription and ultimately, protein expression of SSAT [15, 16] . Another highly significant recent finding is that polyamine analogues can effect the expression of the p53-modulated genes, including p21 waf"/cip" . In some instances this leads to a G " block in the cell cycle [17] . What is not currently known is whether the polyamines or their analogues directly affect the interaction between Nrf-2 and PMF-1. It is also not known what effect, if any, expression of the Maf-family proteins has on the Nrf-2 and PMF-1.
Another important question that requires additional experimentation is what other genes are regulated by the Nrf-2-PMF-1 heterodimer. It seems unlikely that the association of Nrf-2 and PMF-1 would have evolved only to control the expression of a single gene. Since there is ample evidence that polyamine status effects the expression of several growth-related genes, we are currently attempting to identify those genes that may be under similar control. Further, the possibility that PMF-1 can also dimerize with other transcription factors cannot be excluded.
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